Optoelectronic plethysmography (OEP) has been used to measure changes in chest wall volume and its compartments. However, literature lacks research on its reliability. The purpose of this study was to evaluate the intra-rater and inter-rater reliability of OEP. Thirty-two healthy subjects were evaluated at rest and during submaximal exercise on a cycle ergometer. The following variables were assessed: chest wall volume (V CW ); percentage contribution of the pulmonary rib cage (V rcp% ), abdominal rib cage (V rca% ), rib cage (V rc% ) and abdomen (V ab% ); chest wall end-expiratory volume (Vee cw ); chest wall end-inspiratory volume (Vei cw ); ratio of inspiratory time to total time of the respiratory cycle (Ti/T tot ); respiratory rate (f) and mean inspiratory flow (V cw /Ti). Intraclass correlation coefficient (ICC) and coefficient of variation of Method Error (CV ME ) were used to evaluate reliability. Results showed ICC values higher than 0.75 and CV ME values less than 10% for most variables at rest and during exercise indicating that OEP is a reliable instrument to assess chest wall volumes at rest and during exercise in healthy subjects.
Introduction
Over the past 15 years, the Optoelectronic Plethysmography (OEP) has been used to assess breath-by-breath changes in the volume of the chest wall and its different compartments (pulmonary rib cage, abdominal rib cage and abdomen) using optical measurements of a finite number of displacements of points positioned on the outer surface of the chest wall (Aliverti and Pedotti, 2002) . It is a noninvasive method with no assumption of the chest wall's number of degrees of freedom, does not require the use of a mouthpiece, nose clip or any device attached to the subject under evaluation and presents a relatively simple calibration procedure without the use of respiratory maneuvers requiring cooperation (Aliverti and Pedotti, 2003) . This instrument has been used in different positions and under experimental conditions, including physical exercise (Parreira et al., 2012) .
The validity of OEP to measure chest wall volume changes has been evaluated in different populations and experimental protocols (Vogiatzis et al., 2005; Layton et al., 2013) . However, to our knowledge, this is the first paper to actually investigate the reliability of this instrument. In this context, the aim of this study was to evaluate the intra-and inter-rater reliability of the OEP system in healthy subjects at rest and during exercise on a cycle ergometer.
Methods

Participants
This was a methodological study conducted in a research laboratory. Healthy subjects of both sexes were recruited according to the following inclusion criteria: age between 20 and 30 years; body mass index (BMI) between 18.5 and 29.99 kg/m 2 ; no smoking history; no flu symptoms in the previous four weeks; normal lung function according to predicted values (Pereira et al., 2007) ; no apparent thoracic wall deformities; no reported heart diseases or neuromuscular disorders; and no orthopedic diseases that could negatively influence physical exercise performance. The exclusion criteria were inability to understand and/or perform research procedures. The study was approved by the Institution Ethics Committee (ETIC 0258.0.203.000-10), and subjects gave informed consent.
Procedures
Initially, subjects' weight and height were measured using a calibrated scale (Filizola ind. Ltda, São Paulo, SP, Brazil). Subsequently, a lung function test was performed with a calibrated spirometer (Vitalograph 2010, Buckingham, England) according to the recommendations of the American Thoracic Society and European Respiratory Society.
Data collection was performed on two occasions separated by at least 48 h within a 2-week period following the recommendations of the American Thoracic Society/American College of Chest Physicians for exercise testing (ATS/ACCP, 2003) . Subjects were instructed not to perform physical activity 12 h before the tests (Neder et al., 1999) . The subjects' first and second assessments were conducted at the same period of the day.
Intra-rater and inter-rater reliability
For intra-rater reliability, chest wall volumes were assessed by the OEP system (BTS Bioengineering, Milan, Italy) during seven minutes of quiet breathing with the participants seated on a cycle ergometer (Lode Corival, Groningen, The Netherlands) and seven minutes of exercise on a cycle ergometer at 50% of the predicted peak workload (Neder et al., 1999) . For inter-rater reliability, a different subject sample was assessed during seven minutes of quite breathing and twelve minutes of exercise at the same intensity.
The OEP system was calibrated before each test. After preparation and prior calibration of the system and the placement of 89 markers on the chest wall, the participants sat down on the cycle ergometer; there were three cameras positioned at the front and three cameras positioned at the back of the participants. The subject's arm position and the seat height of the cycle ergometer were kept constant over the two days of evaluation. During exercise, participants were asked to maintain a pedaling frequency of 60 ± 5 rpm. After two minutes of pedaling at 0 W, the load was automatically raised to the expected load. Heart rate (HR) and peripheral oxygen saturation (SpO 2 ) were continuously monitored during exercise. Blood pressure (BP) was measured at the beginning of the exercise, after three minutes of cycling at the target load and at the end of the exercise period. For intra-rater reliability, a trained examiner was responsible for placing markers on the two days of evaluation. For inter-rater reliability, two different trained examiners, placed the OEP markers on the two days of assessment, in a randomized order.
Variables analyzed
The following variables were analyzed: chest wall volume (V CW ); percentage contribution of the pulmonary rib cage (V rcp% ), abdominal rib cage (V rca% ), rib cage (V rc% ) and abdomen (V ab% ); endexpiratory chest wall volume (Vee cw ); end-inspiratory chest wall volume (Vei cw ); ratio of inspiratory time to total time of the respiratory cycle (Ti/T tot ); respiratory rate (f); and mean inspiratory flow (V cw /Ti).
Data reduction
To determine the intra-rater reliability, breath cycles obtained during the middle three minutes from the seven minutes registered at rest and during exercise were used. A similar procedure was used to determine the inter-rater reliability during quiet breathing. For data related to the evaluation of the inter-rater reliability during exercise, we used the middle four minutes from the twelve minutes of exercise registered and discarded the initial and final four minutes of data collected.
Statistical analysis
Descriptive analyses were used to characterize the sample. The 95% confidence intervals of the mean differences between tests, the intraclass correlation coefficient (ICC) and the coefficient of variation of the Method Error (CV ME ) were used to analyze the intra-and inter-rater reliability. Model 3 (two-way mixed model/consistency) was used to calculate the ICC for intra-rater reliability, whereas model 2 (two-way random effect/absolute agreement) was used for inter-rater reliability (Portney and Watkins, 2008) .
Results
For intra-rater reliability, 30 subjects were initially assessed, of whom 10 were excluded (five presented abnormal lung function tests, four did not complete the study protocol and it was impossible to reconstruct the 89-marker OEP model for one subject). Therefore, data obtained from 20 individuals were analyzed. For inter-rater reliability and concurrent validity, 17 subjects were initially recruited, of whom five had abnormal pulmonary function tests. Therefore, 12 individuals had their data obtained and analyzed. Table 1 presents the demographic, anthropometric and spirometric data of the two subject groups evaluated.
Intra-rater reliability
At rest, 1570 respiratory cycles were included in the analysis, with an average (SD) of 38 (8) on the first day and 40 (9) on the second day. During exercise, 2249 respiratory cycles were analyzed, with an individual average of 55 (19) on the first day and 57 (19) on the second day. HR during exercise on the first day was 70 (8%) of the maximum HR (220 − age). On the second day, the mean HR displayed during exercise was 69 (9%) of the maximum. Table 2 shows the results for intra-rater reliability obtained at rest and during exercise, respectively. There were no statistically significant differences between the first and second days of the study for any of the variables, except for V cw /Ti at rest. ICC values were at or above 0.75 for most variables, except for Ti/T tot at rest. The CV ME presented at or below 10% for most variables, except for V cw at rest. Data presented as mean (X) and standard deviation (SD). CVME: coefficient of variation of the Method Error; 95%CI: 95% confidence interval of the mean difference; ICC: intraclass correlation coefficient; UL: upper limit; LL: lower limit; VCW: chest wall volume; Vrcp%: percentage contribution of the pulmonary rib cage; Vrca: percentage contribution of the abdominal rib cage; Vrc: percentage contribution of the rib cage; V ab : percentage contribution of the abdomen; Veecw: chest wall end-expiratory volume; Vcw/Ti: mean inspiratory flow; Veicw: chest wall end-inspiratory volume; Ti/Ttot: ratio of inspiratory time to total time of the respiratory cycle; f: respiratory rate; Vcw/Ti: mean inspiratory flow. * Mean of the difference between examiner 1 and examiner 2. ‡ p < 0.05.
Inter-rater reliability
For inter-rater reliability, 1098 respiratory cycles were analyzed with an average of 47 (12) per subject on the first day and 45 (10) on the second day. During exercise, 2211 respiratory cycles were analyzed, with an average of 91 (22) on the first day and 93 (22) on the second day. The HR was 65 (9%) of the maximum during exercise when subjects were evaluated by examiner 1 and 64 (7%) of the maximum when they were evaluated by examiner 2. Table 3 shows the results for inter-rater reliability at rest and during exercise, respectively. Statistically significant differences between examiners were observed for the variables V rcp% , V rca% , Vee cw and Vei cw at rest and for V rca% , Vee cw and Vei cw during exercise. ICC values were above 0.75 for most of the variables except for V rcp% , V rca% , V rc% and V ab% during exercise. CV ME was equal to or below 10% for all variables.
Discussion
The main results of this study shows that OEP provided good intra-rater and inter-rater reliability for the evaluation of the chest wall volumes in healthy subjects at rest and during submaximal exercise.
Regarding the intra-rater reliability, the ICC values observed were higher than 0.75 at rest and during exercise for most of the variables. According to Portney and Watkins (2008) , reliability is considered good when the coefficients are above 0.75. Moreover, with the exception of the variable V CW , which showed the coefficient of variation greater than 11%, this ratio was below 10% for all other variables. Only the variable V cw /Ti at rest showed a statistically significant difference between the two days of testing. However, the mean difference between days demonstrated by the coefficient of variation was about 8%, which may not represent a clinically significant difference. Additionally, this variable showed ICC values that indicate good reliability between the measures.
In a study by Georgiadou et al. (2007) , four of 20 subjects with chronic obstructive pulmonary disease (COPD) were evaluated on two different days at rest and during an incremental exercise on a cycle ergometer using the OEP system. Only a linear regression analysis was used to analyze the reproducibility of the measurements between the two days and only the values of the correlation coefficients were reported for comparison of Vei cw , Vee cw and inspiratory reserve volume between the two occasions. They observed correlations of high magnitude for changes for these variables in all stages of incremental exercise on a cycle ergometer in relation to rest. However, details about the experimental protocol were not provided.
The inter-rater reliability ensures that there is no significant difference in measurements when performed by different examiners (Portney and Watkins, 2008) . In this study, the ICC values observed were higher than 0.75 for most variables and the coefficient of variation was less than or equal to 10% for all variables at rest and during exercise. The lowest ICC values were found for the variables V rcp% , V rca% , V rc% , and V ab% during exercise and can be explained by the small between-individual variability observed during ICC calculation. There was also significant reduction in the variance of these variables between rest and exercise, which may have directly influenced the ICC values. This response was not observed for intra-rater reliability, probably because of the larger number of subjects evaluated. Additionally, the coefficient of variation of the Method Error, which is minimally influenced by between-subject variability, was less than 10% for those variables.
Significant differences between examiners were found for the variables V rcp% and V rca% at rest and for the variable V rca% during exercise, as well as for the variables Vee cw and Vei cw , both at rest and during exercise. These results suggest the influence that different examiners can have on variables that reflect the response of each rib cage compartment separately. Therefore, this aspect should be considered when designing a study with the OEP system.
In a study by Aliverti et al. (2009) , three of the twenty patients with COPD evaluated underwent the study protocol on three different occasions, with OEP markers positioned by two different examiners. It was observed that the positioning of the markers by different evaluators did not affect the classification of the asynchrony motion. However, the experimental protocol was poorly described and the comparisons between the different variables obtained by OEP were not performed.
Study limitations
The main limitation of the study is the sample size of the interrater reliability protocol. Nonetheless, even with a smaller sample size we were able to show statistical significant differences in some variables between examiners. However, the statistical differences observed may not be clinically significant as the mean differences between examiners were on average 50 ml. Moreover, the values of ICC were high and the coefficient of variation of the Method Error was low for those variables. Another point to be considered is the lack of a pneumotach system synchronized with the OEP was not available, which can limit the analysis of absolute volumes.
Conclusions
The results of this study demonstrate that OEP presents good intra-rater and inter-rater reliability for healthy individuals at rest and during exercise. Further studies are needed to assess populations with cardiopulmonary dysfunction.
